Original scientific paper Nondimensional expressions for the work output, thermal efficiency, heat input, and entropy generation number in the Brayton cycle with a recuperator are given as functions of seven input parameters: pressure ratio, temperature ratio, recuperator effectiveness, turbine and compressor isentropic efficiencies, nondimensional pressure drop in the combustor and recuperator and the ratio of specific heat capacities. The expressions for pressure ratios which maximize or minimize the considered quantities are derived. Since it is not possible to maximize all the quantities at a unique value of pressure ratio, three optimization criteria: (i) maximum work output, (ii) maximum thermal efficiency, and (iii) maximum of their weighted sum are defined. For each criterion two diagrams from which one can select optimal pressure ratio and read out all basic quantities defining the Brayton cycle are provided. In the case of criterion of maximum thermal efficiency, when the recuperator effectiveness is lower than the certain limit, the Brayton cycle without a recuperator is better than that with it. In the case of other two criteria, the Brayton cycle with a recuperator is always better than that without it, regardless of the value of the recuperator effectiveness.
Introduction
Global warming caused by increased emissions of greenhouse gases is a major environmental problem nowadays to which power generation contributes greatly. Gas turbines operate using the Brayton cycle, which may be a simple one when it is used for limited peak power generation, or there may be various variants of advanced Brayton cycle now increasingly used for the base load applications. Although the gas turbine has many advantages, the simple cycle thermal efficiency is limited to about 40 %. It is very important to increase the thermal efficiency of power generation since higher efficiency means a lower amount of harmful gases for a given power output. Possible ways to increase the thermal efficiency at a given turbine inlet temperature using the wasted heat in: (i) a regenerative process (ii) combined gas-steam cycles and (iii) cogeneration, i.e. combined heat and power processes.
A great number of optimizations of the Brayton cycle have been carried out and the gas turbine engine design parameters have been obtained. The optimization criterion used has been either the maximum power output [1, 2, 3] or the maximum thermal efficiency, depending on the purpose and operating conditions of the engine. The criterion of maximum thermal efficiency is favourable in stationary power plants because the ratio of the fuel consumption to the gained power output will be the most favourable. In some cases, like in airplane take-off, the criterion of maximum power will provide maximal thrust from the available engine. For example, in ship propulsion systems, both fuel consumption and thrust gain may be equally important, and in this case, both the maximum power and the maximum thermal efficiency criterion have to be considered in the design [4] .
Bejan [5] analysed a simple, closed, endoreversible Brayton cycle and combined the criteria of the maximum power output and the minimum entropy generation to optimize the sizes of the hot-and cold-side heat exchangers. Salamon et al. [6] discussed the equivalence of the optimization objectives: minimizing entropy production and maximizing power production. Wu et al. [7] studied an endoreversible Brayton cycle with regeneration through the power output analysis, which was focused on minimizing irreversibilities associated with the hot-and cold-side heat exchangers and the recuperator. Cheng and Chen [8] investigated the effect of regeneration on the power output and thermal efficiency in an endoreversible, regenerative Brayton cycle. They calculated the maximum power output and the corresponding thermal and the second law efficiencies using the optimal values of cycle temperatures. Medina, Roco, and Hernandez [9] applied the method of power density maximization (output power per maximum specific volume in the cycle) to regenerative gas turbines and showed that the thermal efficiency at the maximum power density may be greater or smaller than the thermal efficiency at the maximum power output depending on the value of the recuperator effectiveness.
Chen et al. [10] performed a theoretical analysis of a closed, regenerative, internally irreversible Brayton cycle with variable temperature heat reservoirs. Wang et al. [11] derived analytical expressions of the dimensionless power and the thermal efficiency of an irreversible, closed, intercooled regenerative Brayton cycle coupled to variable temperature heat reservoirs. Optimization was carried out to find optimal values of the total and the intercooling pressure ratio that gives the maximum power output and the maximum thermal efficiency. Tayagi et al. [12] gave analytical relations of the dimensionless power output and the corresponding thermal efficiency for the irreversible, regenerative intercooled-reheat Brayton cycle coupled to variable temperature heat reservoirs. SanchezOrgaz et al. [13] developed a theoretical model of a multistep, regenerative, closed Brayton cycle with an arbitrary number of intercooled compression steps and reheated expansion steps. They used both the maximum power output and the maximum thermal efficiency optimization objective. Ust et al. [14, 15] performed an ecological optimization on the endoreversible and the irreversible regenerative Brayton heat-engine model. The effects of the recuperator effectiveness on the global and optimal performances were investigated and the results were compared with those for the maximum power output criterion. Recently, Durmusoglu and Ust [16] optimized an irreversible, regenerative, closed Brayton cycle using a thermoeconomic objective criterion which is defined as the ratio of net power output to the total cost rate.
Haseli [17] performed an analysis of the regenerative, open Brayton cycle and its optimization on the basis of the maximization of work output and thermal efficiency and the minimization of entropy generation. He suggested the second law efficiency optimization as a trade-off between the maximum work output and the maximum first law efficiency optimization.
The goals of this study are: to summarize the optimization with respect to three different thermodynamic criteria by using two concise diagrams for each criteria, and to point out that, depending on recuperator effectiveness, the regenerative Brayton cycle could be thermally less efficient than the one without recuperator.
Energy analysis of a regenerative Brayton cycle
Schematic representation of an open Brayton cycle with heat regeneration is shown in Fig. 1 and its qualitative T-s diagram in Fig. 2 . Irreversible adiabatic processes in the compressor are represented by the line between points 1 and 2, heating of working fluid in the recuperator by the line from point 2 to 3, combustion by the line from 3 to 4, irreversible adiabatic expansion in the turbine by the line from 4 to 5, and cooling of the exhaust gas in the heat recuperator by the line from 5 to 6. Auxiliary lines from point 1 to 2 is and from 4-5 is represent ideal (isentropic) processes in the compressor and the turbine, respectively.
The temperatures T 2 and T 5 can be expressed by means of the isentropic efficiency of the compressor and turbine as:
where η c and η t are compressor and turbine isentropic efficiency, respectively. Pressure leaving the recuperator and combustion chamber is defined by the following expressions:
where x rc, x rh, x cc are nondimensional pressure drop in cold side of recuperator, in hot side of recuperator, and in the combustor, respectively. The temperature T 3 is defined by the effectiveness (ε) of the recuperator in the form ( )
while the temperature T 6 can be determined from the energy balance for the recuperator ( )
Using the above equations, Eq. (5) can be easily modified into the following form: x x x x = ⋅ ⋅ is total nondimensional pressure drop.
Work output
The dimensionless work output is given by the following equation:
where q in and q out are the specific heat input and output, (J/kg), respectively andc p is the specific heat capacity, (Jkg -1 K -1 ). By introducing 4 1 / T r T T = , Eq. (7) takes the following dimensionless form:
where ( )
and κ is the ratio of specific heat capacities. It can be shown that the dimensionless work output has its maximum at the optimal pressure ratio defined by the following expression:
and the maximum is defined by ( ) ( ) 
Heat input and heat output per cycle and the cycle thermal efficiency
The dimensionless expression for the heat input is ( )
It can be shown that the heat input has its maximum at a certain pressure ratio defined by
and the maximum is defined by
It is obvious from Eqs. (9) and (12) Heat output is defined by ( )
The thermal efficiency of the cycle is
where w and q are defined by Eqs. (8) and (11), respectively. It can be shown that the thermal efficiency has its maximum at a certain pressure ratio r p_ηmax , as defined in [17] . When analysing entropy generation during an endoreversible cycle, it is sufficient to consider only the heat reservoirs. Here, we assume that the heat source is at the temperature T hot =T 4 and the heat sink is at T cold =T 1 . In that case, the entropy generation number is 
It can be shown that the entropy generation number shows its minimum at the pressure ratio r p_Nsmin (when all other parameters are kept constant) defined by Technical Gazette 24, 2(2017), 419-425
It is obvious from Eqs. (9), (12) , and (18) that for ε=0,5 all variables (w, q, η and N s ) show their maximum at the same pressure ratio, as reported in [17] .
Results and discussion
In dimensionless Eqs. (8), (11), (15) and (17) 
(ii) for ε< 0,9, the heat transfer area of the recuperator is smaller, and we assumed that the pressure drop in the recuperator is also smaller, so we prescribed the next expression for pressure drop factors For the selected values of κ, x, η c , η t , ε and r T , the values of r p which maximize w, q and η, respectively are r p_wmax, r p_qmax , and r p_ηmax ; on the other hand, r p_Nsmin minimizes N s . The designer should decide which criterion or combination of criteria will be used to define the optimal solution. For example, in power plants, in which fuel consumption is the main concern, the maximum thermal efficiency is a desired criterion. On the other hand, in the case of aeronautical vehicles where significant propulsion power is required during the takeoff, the maximum power output criterion is preferred. It is clear that the criterion of minimal N s is not very interesting for practical design since it results in low w and η. The minimization of the ratio N s /w might be very useful since it searches for a solution which introduces minimal irreversibility per unit of obtained work. Using definitions (7), (15) , and (16) We can conclude from the above equation that for a given r T , N s /w will reach the minimum at η max . In other words, the requirement of η max is equivalent to the requirement of minimal entropy generation per work output.
In the following subsections, we are going to analyse three criteria: w max , η max , and (w/w ref +η/η ref ) max in the ranges 3≤r T ≤5 and 0≤ε≤0,9. Typical input design parameters are r T and ε; therefore, all results will be shown as functions of these two variables. From the results, one could choose the optimal r p and read out other relevant quantities (work output, thermal efficiency, heat input, and entropy generation number) for a selected cycle.
Criterion wmax
Results for the case when the criterion is w max are given in Fig. 3 .
The left panel shows variations in r p_wmax (black lines), η (green lines) with r T and ε, and the right panel shows variations in w max (black lines) and q (red lines) with r T and ε. It is clear from Eqs. (11) and (12) Thermal efficiency increases with the increase in r T and ε, while the heat input increases with the increase in r T and decreases with the increase in ε. In this case, the same w max could be obtained also without a recuperator, but η is always greater in the case with a recuperator, regardless of its ε.
Criterion ηmax or (Ns/w)min
Results for the case of η max criterion are shown in Fig. 4 . As in the previous case, for given r T and ε, Fig. 4 . As in the previous case, for given r T and ε, these diagrams define the optimal r p_ηmax , the obtainable η max and w, as well as the necessary q. Some of the results can be found in [17] , but Haseli's analysis is limited to ε ≥ 0,5, while our results include the entire range of ε.
It is interesting to note that there are two different domains in these diagrams. Looking at the left panel in Fig.4 , the left hand side domain (with horizontal lines of η max and r p_ηmax ) represents the operating conditions for the Brayton cycle without a recuperator, meaning that in this domain it is possible to obtain a higher η max without a recuperator than with it. Obviously, there are jumps in r p_ηmax , w, and q at the border between these two domains, so the cycle without a recuperator requires higher r p_ηmax and results in a lower work output at a lower heat input. This is clear from Fig. 5 which shows the variation in η with r p and ε, at r T = 5. In this figure, the black line represents the thermal efficiency of the Brayton cycle without a recuperator, and for this cycle, η max = 0,407 has been reached at r p_ηmax = 27. Obviously, for the selected r T and ε, the operating point lies in the left hand side domain in Fig. 4 , in which the process without a recuperator reaches a greater η max . In the Brayton cycle with a recuperator, there is a limit for temperature T 5 which must be higher than the temperature T 2 . As can be seen in Fig. 5 , the temperature T 2 is equal to the temperature T 3 , which means that there is no heat exchange in the recuperator, but the pressure p 3 is lower than p 2 due to the pressure drop in the recuperator. The results for these two cases are: (i) the case with a recuperator η max = 0,365, (at r p_ηmax =14,7), N s = 0,884 and 
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w=0,781, (ii) the case without a recuperator η max = 0,372, (at r p_ηmax =20,17), N s = 0,771 and w=0,707.
The point B in Fig. 5 is mapped in Fig. 4 and it lies at the border of the two domains at r T = 5. It could be concluded that at r T = 5 there is no need for a recuperator if its effectiveness is less than 0,44, while at r T = 3,5 this is the case if its effectiveness is less than 0,2. Generally, with the increase in r T , the recuperator effectiveness at which the installation of the recuperator is justified also increases. Fig. 7 . The meaning of lines in panels is the same as in the previous cases. According to this criterion, the solution with a recuperator is always better than without it.
If we compare the results in Figs. 3, 4 , and 7, it can be concluded that the obtained work output according to this criterion is always greater than the work output obtained in the case of η max criterion, and the obtained η is always greater than the η obtained in the case of w max criterion.
Conclusions
From the derived expressions for w, η , q, and N s and the provided analysis, we can conclude:
• The requirement of maximum thermal efficiency is equivalent to the requirement of minimal entropy generation per work output.
• We have showed that the thermal efficiency of all Brayton cycles with a recuperator, with increasing of r p converge to the thermal efficiency of the Brayton cycle without a recuperator at a certain point defined by r p_A . At this point, the outlet temperature from the compressor is the same as the outlet temperature from the turbine. For small ε, the obtained η max could be smaller than η max obtained without a recuperator. At a certain value of ε (denoted by ε B ), the obtainable η max is the same in both cases, with and without a recuperator. Of course, in the case without a recuperator, a greater r p is required. For the ε below ε B , the use of a recuperator is not justified. The value of ε B increases with the increase in r T .
• When using the criteria w max and (w/w ref +η/η ref ) max , the Brayton cycle with a recuperator is always better than without it, regardless of the value of ε. 
